The budding yeast Saccharomyces cerevisiae plays an important role in biotechnological applications, ranging from fuel ethanol to recombinant protein production. It is also a model organism for studies on cell physiology and genetic regulation. Its ability to grow under anaerobic conditions is of interest in many industrial applications. Unlike industrial bioreactors with their low surface area relative to volume, ensuring a complete anaerobic atmosphere during microbial cultivations in the laboratory is rather difficult. Tiny amounts of O 2 that enter the system can vastly influence product yields and microbial physiology. A common procedure in the laboratory is to sparge the culture vessel with ultrapure N 2 gas; together with the use of butyl rubber stoppers and norprene tubing, O 2 diffusion into the system can be strongly minimized. With insights from some studies conducted in our laboratory, we explore the question 'how anaerobic is anaerobiosis?'. We briefly discuss the role of O 2 in non-respiratory pathways in S. cerevisiae and provide a systematic survey of the attempts made thus far to cultivate yeast under anaerobic conditions. We conclude that very few data exist on the physiology of S. cerevisiae under anaerobiosis in the absence of the anaerobic growth factors ergosterol and unsaturated fatty acids. Anaerobicity should be treated as a relative condition since complete anaerobiosis is hardly achievable in the laboratory. Ideally, researchers should provide all the details of their anaerobic set-up, to ensure reproducibility of results among different laboratories.
Introduction
During evolution, two significant O 2 peaks occurred, at 500 and 2000 Mya ago, which resulted in two distinct growth spurts (Payne et al. 2009 ). Understandably, oxygen is thus the most abundant element on earth (in earth's crust and in air) and is constantly renewed by the photosynthetic action of green plants and algae. Bigger life forms emerged and flourished, owing to the vast amount of energy that was generated in the mitochondria, using O 2 as the terminal electron acceptor in the oxidative phosphorylation via chemiosmotic coupling (Lane 2002; Lane and Martin 2010; David and Alm 2011) . To extract the maximum free energy from the energy sources that were consumed, living beings undertook diverse adaptations in O 2 -poor environments such as the deep sea (Tyack et al. 2006) , high altitudes (Scott 2011; HuertaSanchez et al. 2014) or in deep glacial ice crystals (Rohde and Price 2007) .
Although unquestionably O 2 has contributed to complexity, microbes from the pre-oxygenation event (e.g. obligate anaerobes) are of much industrial relevance for biotechnological processes (Köpke et al. 2014; Hatti-Kaul and Mattiasson 2016) . Anaerobic bacteria and archaea are used in the production of thermostable enzymes (amylases, cellulases, lipase, pectinases, proteases and xylanases) for use as industrial biocatalysts, for the synthesis of chiral compounds for the pharmaceutical industry (Bragger et al. 1989; Littlechild 2015) or for the production of bulk chemicals (acetone-butanol-ethanol, medium-chain carboxylic acids) (Visioli et al. 2014; Jeon et al. 2016 ).
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Anaerobic processes are likely to be more economical than their aerobic counterparts because of the reduced costs in aeration and mixing (de Becze and Liebmann 1944; Curran et al. 1989) . Industrial fermenters often have very low surface area compared to their volume 1 resulting in reduced heat and mass transfer rates (Simpson and Sastry 2013) . In a typical firstgeneration sugarcane ethanol plant, as much as 23,000 m 3 of CO 2 are generated in a reactor of 500 m 3 . Such large volume of CO 2 not only displaces the dissolved O 2 out of the liquid phase but also ensures a completely anoxic atmosphere.
In contrast to industrial practice, complete anaerobiosis is extremely difficult to establish in the laboratory (where surface area to volume ratios, and thus mass transfer rates, are high), and it is quite a challenge to exclude O 2 completely from the cultivation systems. Whilst performing scale-down studies of anaerobic industrial bioprocesses, it is imperative to grow the microorganism under conditions that closely resemble the real industrial conditions, as the presence of even trace amounts of O 2 could affect the overall performance of the microbial cell factories.
In this mini review, we revisit the much-studied anaerobic fermentation in yeast focusing on the cultivation systems and the role of O 2 in non-respiratory pathways. We illustrate the challenges in mimicking an anaerobic atmosphere in the laboratory and the ways to minimize the leakage of O 2 into the system. We provide a chronological list of all the attempts thus far made to create an anaerobic set-up, as well as the physiology of Saccharomyces cerevisiae under anaerobic conditions with emphasis on lipid composition, and we conclude with some perspectives on future research and the need to exercise caution when one declares a set-up as anaerobic.
Discovery of anaerobic life
The discovery of the so-called anaerobic bacteria dates back to 1680 when Antonie van Leeuwenhoek observed 'a kind of living animalcules' in a small heat-sealed glass vial which was previously filled with crushed pepper powder and clear/ clean rainwater (Gest 2004) . In that condition, the environment inside the glass vessel became anaerobic owing to the depletion of O 2 by the aerobic microorganisms. When the sealed glass vial was opened, an overpressure forced the liquid out (Gest 2004) . The pressure inside the vial was due to the formation of CO 2 via fermentation. Leeuwenhoek's experiment was repeated by Martinus Beijerinck in 1913, who identified the predominant microorganism as Clostridium butyricum. This species, as most Clostridium species, is classified as an obligate anaerobe-the absence of growth in the presence of O 2 , due to their inability to deactivate the reactive oxygen species (ROS) such as peroxides (O'Brien and Morris 1971) . However, obligate anaerobes do tolerate micro-oxic conditions when grown in liquid medium (Kato et al. 1997; Kawasaki et al. 2005; Imlay 2008 ). Aerobes, on the contrast, produce catalase and superoxide dismutase, two key enzymes that detoxify peroxides and other ROS that cause oxidative damage to DNA, lipid molecules and proteins (Storz et al. 1990 ). Anaerobes produce these enzymes to a certain extent, but they possibly have other ways to reduce the oxidative damage. Thus, excluding O 2 , either partially or totally, is a necessary requirement for those investigating obligate anaerobes. ), the concentration of O 2 in water is2 80 μM at 25°C. Figure 1 shows some physiological responses to varying levels of O 2 saturation in water. The solubility of O 2 in water increases with decreasing temperature, reaching as high as 400 μM at 0°C (Weiss 1970; Denny 1993) (Fig. 2) .
O 2 in numbers

Permeability of tubing material
The choice of the tubing material used in the cultivation system influences the amount of O 2 that diffuses into the system. Silicone tubing that is regularly used in aerobic cultivations has a permeability coefficient of 800 barrer.
3 For this reason, anaerobic cultivations are often carried out with norprene tubing which has a 40-fold lower permeability than silicone tubing.
4 Giacobbe (1990) observed that the diffusion of O 2 1 A cylindrical reactor with height (h) and radius (r) has a lateral surface area of 2πrh and a volume of πr 2 h. The surface area to volume is inversely proportional to the radius of the reactor; thus, the larger the reactor, the smaller the surface area to volume. This has profound consequences for heat and mass transfer. Heat transfer is proportional to the surface area, whilst the metabolic heat generation is proportional to the culture volume. Thus, at very large volumes (and large radii), the available heat transfer area is insufficient to dissipate the heat that is generated. Unlike laboratory reactors which are well mixed, there will be concentration gradients in large-scale reactors affecting the mass transfer of O 2 , as well as other nutrients, vastly affecting the cellular physiology. through a 7-m-long coiled teflon tubing was inversely related to the flow rate of N 2 used, as shown in Fig. 3 . Visser and coworkers (Visser et al. 1990) reported that the dissolved O 2 concentration had an asymptotic relationship with respect to the N 2 flow rate employed, as depicted in Fig. 4 , even after 35 h of continuous flushing. A comparison of the permeability coefficients of various tubing materials is given in Fig. 5 ; cost is a major factor whilst performing anaerobic experiments, as the price of N 2 gas increases with increasing purity, as shown in Table 1 . The amount of O 2 (present as impurity) entering the system is shown in Table 2 .
Anaerobic cultivation systems
Owing to the omnipresence of O 2 , ensuring a complete anaerobic atmosphere during microbial cultivation in bioreactors is rather difficult. There are three ways to decrease the O 2 tension during cultivation: firstly, biological reduction using symbionts; secondly, physical reduction by boiling, evacuation or the use of inert gases; and thirdly, chemical reduction, such as the catalytic ignition of hydrogen and residual O 2 or using chemicals such as cysteine. However, cysteine is toxic to S. cerevisiae as it interferes with its metabolism (Maw 1961) . Once the O 2 tension is reduced, it must be maintained low (or absent) during the cultivation by sealing off the medium. For further details, the reader is urged to consult the comprehensive review by Hall (1929) . As the solubility of O 2 is lower at high temperatures, boiling is often the quickest way to dispel the O 2 trapped in the liquid. However, this is cumbersome and suitable for complex medium only. Experiments done in a synthetic medium pose additional difficulty, as the addition of filter-sterilized heat-labile components inevitably introduce some O 2 into the system. To indicate the O 2 present in the cultivation medium, it is common to use a redoxsensitive dye such as resazurin (Twigg 1945) or methylene blue (Brewer et al. 1966 ) which turns colourless in the absence of O 2 ; Wimpenny and Necklen (1971) have used redox potential to measure the O 2 tension in a chemostat cultivation with Escherichia coli and Klebsiella aerogenes, and a redox potential of < 0 mV was considered as anaerobic.
Respiratory inhibitors such as antimycin A have been regularly used to study the fermentative capacity of yeasts, aiming at mimicking a quasi-anaerobic system. Antimycin A inhibits electron transfer from quinone to cytochrome b. Fig. 3 Oxygen permeation from ambient air through a 7.62-m Teflon-PFA tubing that is flushed with N 2 . Open circles refer to a N 2 pressure of 4.4 atm; black triangles refer to a N 2 pressure of 7.8 atm (Giacobbe 1990 ) Fig. 1 Reported physiological responses to varying O 2 saturation levels (Denny 1993; Waldbauer et al. 2011; Aceituno et al. 2012 ) Fig. 2 The dissolved O 2 concentration decreases with increasing temperature, reaching as low as 202 μM at 40°C (Weiss 1970) Addition of acetoin or high concentrations of lysine or glutamate restored the growth defect in the presence of antimycin A by acting as a redox sink (Merico et al. 2007 ). Thus, the inability to grow is mainly due to redox imbalance as the mitochondrial NADH is not reoxidized to NAD + . Thus, efficient mechanisms to maintain the redox balance are a prerequisite for growth under low supply of O 2 , requiring a wellregulated network (Merico et al. 2009 ). Great care must be taken when interpreting the results from such experiments, as traces of O 2 can affect the physiology even in the presence of antimycin A.
Although the development of a reliable and effective system for the cultivation of anaerobes dates to the 1940s, it was only in 1969 that Robert Hungate published what would be the definitive cultivation system for anaerobic organisms. It consisted of a test tube with a thin layer of agar medium uniformly distributed over its internal surface and flushed with an O 2 -free gas prior to inoculation (Hungate 1969 ). Hungate's system was then improved by other groups (Bryant 1972; Balch and Wolfe 1976) , and it is still commonly used in laboratory practice for the cultivation of strict anaerobes (Börner 2016) . Cultivation systems designed for an O 2 -free environment where anaerobes can be handled appropriately have improved thereafter. A commercially available example (since 1969) is the widely used 'anaerobic chamber', with which all laboratory routine and manipulation can be performed in a confined anoxic environment. In this system, O 2 is removed from the chamber by injecting gases such as N 2 , H 2 and CO 2 (Thomas et al. 1998) or N 2 , Ar or CO 2 . (Plugge 2005; Speers et al. 2009 ) and any trace of O 2 present is reduced to water on a palladium catalyst. Thus, anaerobic chambers are the system of choice for static-anaerobic cultivations and for O 2 -free manipulation in the laboratory. The various systems developed for anaerobic set-up in the laboratory are summarized in Table 3 .
A common procedure for the anaerobic cultivation of yeast in laboratory bioreactors (in which detailed physiological studies can be carried out) is to constantly flush the culture medium with ultrapure N 2 gas (containing less than 5 ppm O 2 ), together with the use of Viton O-rings and norprene tubing. In this way, O 2 diffusion into the system is minimized (Boender et al. 2009; de Kok et al. 2011) . Visser et al. (1990) The role of O 2 in the metabolism of S. cerevisiae
The yeast S. cerevisiae is classified as a facultative anaerobe (Visser et al. 1990 ), preferentially fermenting microorganism (Pronk et al. 1996; Barnett 2003) , and is widely used in various biotechnological processes, from fuel ethanol (DellaBianca et al. 2013 ) to recombinant protein production (Ceccarelli and Rosano 2014) , due to its culture simplicity, rapid growth, safe status and the possibility of achieving a high cell concentration culture (Yin et al. 2007 ). Some of these applications demand a respiratory metabolism that can be a problem due to the low solubility of O 2 in the culture media (Hanotu et al. 2016) . Increasing the stirring speed and the gas flow rate can increase the O 2 transfer but does not prevent O 2 limitation (Garcia-Ochoa et al. 2010) , with a concomitant increase in the production costs. The ability of S. cerevisiae to grow anaerobically, at similar rates when compared to aerobic growth (~0.3 and~0.4 h −1 , respectively) (Verduyn et al. 1992 ), is of particular interest for applications in which fermentative metabolism is demanded. Moreover, S. cerevisiae plays an important role as a model organism for studies on microbial physiology and genetic regulation under various environmental conditions, such as anaerobiosis (Jouhten and Penttilä 2014) .
Respiration is an energetically efficient process (in terms of ATP generation) in which O 2 participates as the final electron acceptor. Electrons are transferred from the energy source, via reduced coenzymes such as NADH, to O 2 in the mitochondrial electron transfer chain, generating a proton-motive force that enables ATP synthesis by the enzyme ATP synthase (Jouhten and Penttilä 2014) . In the absence of O 2 , free energy (in the form of ATP) is exclusively conserved from substratelevel phosphorylation, via fermentation. The number of ATP moles generated for each mole of substrate consumed in fermentation-which is 2 when glucose is the energy source-is considerably lower than the corresponding yield observed under respiratory metabolism (this is not a precise number but A typical chemostat (in triplicate) at a dilution rate of 0.1 h −1 carried out for at least 50 h (five residence times), sparged with 0.5 L of N 2 gas per litre of medium per min, would consume 4.5 m 3 of N 2 gas. A batch experiment carried out for 20 h under the same condition would consume 1.8 m 3 of N 2 gas. Prices converted from Brazilian real to euros a One Oxitrap (Sigma-Aldrich) will be able to capture 5 mL of O 2 , equivalent to one N 2 cylinder with 50 ppm O 2 as impurity b Gas flow in an anaerobic chamber is up to 25 L min −1 ; H 2 gas greater than 5% poses a severe risk of explosion c Concentration of O 2 inside the chamber RÂT Ât , where f is the fraction of O 2 in the incoming gas, V is the flow rate of the gas in litres per minute at 30°C at 1 atm and R is the universal gas constant b O 2 dissolving into the liquid is calculated using this formula OTR = k la × C * × V l , assuming a k la of 0.1 s −1 and C * is the saturation concentration of O 2 at the bubble interface; this can be calculated from Henry's law p = K H × c where p is the partial pressure of O 2 , K H is Henry's constant and c is the concentration in water Thomas et al. (1998) can be assumed to be roughly 15 times higher than in fermentative metabolism). In response to this lower yield and to fulfil the cell's energetic requirements, a 7.5 times higher glycolytic flux (in terms of glucose uptake rate) (Jouhten et al. 2008 ) and consequently a higher ATP production rate through glycolysis are observed in fermentative metabolism, when compared to respiratory metabolism. In addition, to maintain the redox balance under anaerobic growth, NAD + is regenerated by alcoholic fermentation and via the formation of glycerol. Bisschops et al. (2015) report that anaerobic stationaryphase cultures of S. cerevisiae had a shortened chronological lifespan and low robustness (assessed through viability and temperature tolerance and the adenylate energy charge) compared to aerobic stationary-phase cultures. This has implications for e.g. cell recycling in industry. Merico and others (2007) conducted an exhaustive work on the fermentative lifestyle of over 40 yeasts belonging to the Saccharomyces complex, which includes 14 distinct clades comprising several genera including, e.g. Kluyveromyces, Zygossacharomyces, Kazachstania and Naumovia, among others, to reflect 150 million years of evolutionary history. Most of the yeasts exhibited good fermentation ability, but only those lineages (Saccharomyces, Kazachstania, Naumovia, Nakaseomyces and Tetrapisispora) that underwent whole-genome duplication could grow in the absence of O 2 .
Molecular O 2 is involved in 48 reactions and accounts for 3% of the total reactions collected in the genome-scale model iTO977, proposed by Österlund and co-workers (2013) , in the yeast S. cerevisiae. Two molecules, namely, ergosterol and oleic acid, which are essential to provide functional properties of the cell membrane, require O 2 for their biosyntheses, and they must be imported from the extracellular medium to the cell, under full anaerobiosis. Therefore, growth under anaerobic conditions requires the exogenous supply of these two molecules (Andreasen and Stier 1953; Andreasen and Stier 1954) . However, there are other non-respiratory pathways in S. cerevisiae, which also require molecular oxygen, like biosynthesis of haem, haemoproteins and several other oxidases (Rosenfeld and Beauvoit 2003) .
O 2 and membrane lipids
Investigations regarding the lipid composition of S. cerevisiae's membrane started with observations made in laboratory-scale cultivation systems that claimed to be anaerobic, which are known to still allow small amounts of oxygen to be present (more details in the following section). On the other hand, these systems, being sufficiently oxygen-limited, induce different physiological and biochemical responses in S. cerevisiae, when compared to systems without oxygen limitation.
Under anaerobic conditions, S. cerevisiae grows poorly in culture media containing only water-soluble ingredients. However, the addition of non-saponifiable lipids from edible oils, such as wheat germ, into the culture medium stimulated growth of the yeast (Stier et al. 1950b) , and this initial observation prompted the search for anaerobic growth requirements. Andreasen and Stier (1953) used an anaerobic set-up (detailed in Table 3 ) and a synthetic medium to test the effect of several non-lipid compounds (such as nucleic acids, purines, pyrimidines, amines, simple peptides, vitamin B 12 and casein hydrolysates) on the growth of S. cerevisiae SC-1 strain under fully anaerobic conditions. Because these compounds did not increase the yield of cells under such conditions, they chose to add ergosterol into the medium, as it was known that ergosterol is an important constituent of yeast biomass. Tween 80, on the other hand, was used only as a surfactant to facilitate solubilisation of ergosterol in the synthetic medium. The effects of Tween 80 alone and of Tween 80 plus ergosterol additions were assessed, and as a conclusion, ergosterol was found to be an essential anaerobic growth factor for S. cerevisiae. It was found later that the Tween 80, used to solubilize ergosterol, was also supplying another essential requirement for anaerobic growth, oleic acid (Andreasen and Stier 1954) . Tween 20 and Tween 40 (sources of saturated fatty acids) were then tested, as well as a non-lipid surfactant to solubilize ergosterol, to clarify whether another lipid ester would promote the same results. As a conclusion, oleic acid and ergosterol, simultaneously, were found to be growth factors for S. cerevisiae's anaerobic growth. Later, several groups investigated the effect of trace amounts of O 2 on the anaerobic growth of S. cerevisiae in a chemically defined medium, without exogenous addition of lipids. Jollow, Wallace and coworkers (Jollow et al. 1968; Wallace et al. 1968 ) cultivated a diploid strain of S. cerevisiae under several different growth conditions, to assess the occurrence of mitochondrial profiles (2012) and other cell membrane systems. Their anaerobic set-up consisted of a closed flask fitted with a rubber stopper sealed with molten parafilm wax with an airlock. The medium was flushed (after inoculation, for 45 min) with N 2 that had been bubbled through an acidified solution of vanadyl sulphate reduced with amalgamated zinc to provide an O 2 -free gas (Meites and Meltes 1948) . Even though the yeast extractbased medium contains lipids such as ergosterol and UFAs, remarkable differences were observed between cells cultivated in aerobic yeast-peptone-dextrose (YPD) and anaerobic YPD cultivations (with and without Tween 80 and ergosterol). Although total lipid content varied between the conditions tested, the most pronounced changes were in total fatty acid, sterol fractions, glycerides and phospholipid contents. In general, total lipid, ergosterol, glycerides and phospholipid contents of cells grown anaerobically were lower, when compared to cells cultivated in aerobiosis. On the other hand, anaerobiosis triggered squalene accumulation, with a reduction in ergosterol levels. Aerobically grown yeast presented a predominance of mono-unsaturated fatty acids (UFAs) (C16:1 and C18:1). On the other hand, cells cultivated under anaerobiosis without Tween 80 and ergosterol addition presented predominantly saturated fatty acids, comprising C10:0, C12:0 and C16:0. When ergosterol and Tween 80 were added to the YEG medium, C16:1 and C18:1 species accounted for approximately 70% of fatty acids, still less than what was synthesized by aerobically grown cells (85%). Thus, it can be observed that the choice of the cultivation medium and conditions are very crucial in understanding microbial physiology.
To expand the range of UFAs that could be incorporated into yeast, Alterthum and Rose (1973) used growth media with different fatty acid compositions (oleic, linoleic or γ-linolenic acid as a source of UFA) to anaerobically cultivate S. cerevisiae NCYC 366. In all the conditions, cells grew to the same extent and did not differ in their content of total lipids or total phospholipids. However, cells were enriched by approximately 60% with the specific fatty acid that was supplemented. Sterol composition changed according to the availability of O 2 . These results reveal the flexibility of S. cerevisiae to incorporate even polyunsaturated fatty acids such as omega-6 as building blocks for structural and bulkstorage lipids. Anaerobically grown S. cerevisiae cells accumulated squalene, which does not require O 2 for its synthesis, which is in accordance with Jollow et al. (1968) . The ratio between squalene and ergosterol as a function of O 2 availability, although intriguing, was not correlated to any environmental (dis)advantage. Watson and Rose (1980) followed the studies conducted by Alterthum and Rose (1973) on the extent to which exogenous fatty acids (FAs) are incorporated into lipids in the S. cerevisiae NCYC 366 strain. The composition of aerobically/anaerobically grown S. cerevisiae in defined media containing ergosterol and different fatty acids (oleic, linoleic and α-linolenic) was investigated. Fatty-acyl composition of phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS) and triacylglycerols from anaerobically grown cells showed predominance of C18:1, C18:2 and C18:3 species when the medium was supplemented with oleic (C18:1), linoleic (C18:2) and α-linoleic (C18:3) acids, respectively, followed by C16:0 under all the conditions tested. Jollow et al. (1968) also observed the predominance of C18:1 fatty acid when Tween 80 was added to the anaerobic medium formulation, but rather than C16:0, significant amounts of C16:1 were detected. In aerobically grown cells, C16:0 plus C16:1 accounted for the major fraction of the fatty-acyl composition of PC, PE, PI, PS and triacylglycerols. Rosenfeld and Beauvoit (2003) reviewed and compiled data of total FA (saturated, unsaturated and phospholipid fractions) and sterol (squalene and ergosterol fractions), highlighting the accumulation of squalene over ergosterol in cells cultivated in anaerobic conditions. Klose et al. (2012) examined the lipidome, at the level of lipid classes, of aerobically grown S. cerevisiae cultivated in complex media with different carbon sources, different temperatures and growth phases (early and middle logarithmic and early stationary phases) at 95% lipidome coverage. In their study, the flexibility of the yeast's lipidome was confirmed, in the face of the variability of triacylglycerol content and the ratio of unsaturated/saturated glycerophospholipids. On the other hand, a low variability of sphingolipid and ergosterol abundances was observed between the conditions tested. Lindberg et al. (2013) cultivated S. cerevisiae CEN.PK 113-7D and Zygosaccharomyces bailli under aerobiosis to investigate the high tolerance of Z. bailli to acetic acid. Upon exposure of Z. bailli cells to acetic acid, they observed an increase of monounsaturated fatty acids, as well as a higher level of complex sphingolipids. This led to a membrane with a lower fluidity that prevented the entry of undissociated acetic acid, thereby conferring higher acetic acid tolerance when compared to S. cerevisiae.
In wine fermentations, it is common practice to add O 2 in the stationary phase to rescue sluggish fermentations (Valero et al. 2001; Fornairon-Bonnefond et al. 2002) . The squalene contents of the cells decreased upon O 2 addition, but the ergosterol content did not increase proportionately relative to the total sterol levels. In air-saturated beer wort fermentation, the sterol content increased rapidly from 1 mg g DCM −1 to 10 mg g DCM −1 and then declined rapidly at the end of the fermentation, when O 2 was depleted (Aries and Kirsop 1977) . Most of the investigations mentioned above studied the macromolecular physiology by measuring the lipid composition using a liquid chromatography system, and the focus was more on the anaerobic physiology from a process engineering point of view. However, Waldbauer and co-workers (2011) were interested in identifying the molecular fossil record of archaea and resorted to the microaerobic sterol biosynthesis. They used 13 C-labelling studies to investigate the role of very low O 2 concentrations (1 nM to 1 μM) on the enzymatic biosynthesis of sterols. Three different O 2 concentrations were tested (6.5 and 0.6 μM and 7 nM), including one anaerobic condition (< 0.7 nM). They used unlabelled ergosterol and 13 C glucose and followed the incorporation of carbon label from glucose to steroids using 13 C-NMR. Steroid biosynthesis occurred at each of the three dissolved O 2 concentrations tested in their experiments, 6.5 and 0.6 μM and 7 nM, as 13 C label was observed in squalene-the last steroid biosynthetic intermediate that can be produced in the absence of O 2 , as well as in lanosterol (the first O 2 requiring step in steroid synthesis), demonstrating de novo steroid production. However, only under anaerobic conditions (< 0.7 nM) was lanosterol not detected, and only unlabeled ergosterol that was taken up by the cell exogenously could be detected. Thus, yeast can still grow and multiply at such 'anaerobic conditions'.
How anaerobic are our anaerobic laboratory cultivations?
Studies on nutritional requirements of S. cerevisiae under anaerobic conditions were initiated in the 1950s, when Andreasen and Stier determined the amount of ergosterol and fatty acid contents necessary in a defined medium to provide for adequate anaerobic growth (Andreasen and Stier 1953; Andreasen and Stier 1954) . Their research was based on the evidence that S. cerevisiae grown in a complex medium (yeast extract), under anaerobic conditions, was described as 'small' (in terms of cell concentration in the culture medium), whilst under aerobic conditions (in the presence of O 2 ), the growth was referred to as being 'excellent' (Brockmann and Stier 1947) . In their studies, N 2 gas with a purity of 99.99% was employed, and in some cases, the N 2 gas was sparged through a solution of chromium(II) chloride to further decrease the O 2 concentration to ca. 1 ppm. It was concluded that for anaerobic growth of S. cerevisiae in a chemically defined medium, ergosterol and a source of UFA (such as Tween 80) must be added to the culture medium. They also concluded that for aerobic conditions, the addition of both Tween 80 and ergosterol had a negative effect on growth. Their recommendation as regards to the necessity of adding ergosterol and UFAs for anaerobic growth conditions was then corroborated by several authors during the two subsequent decades (Kováč et al. 1967; Paltauf and Schatz 1969; Alterthum and Rose 1973; David and Kirsop 2013) .
However, contradicting Andreasen and Stier's recommendations, Macy and Miller (1983) , using the Hungate protocol for anaerobic cultivation, did observe S. cerevisiae growth after a 12-h lag phase in a defined medium lacking both ergosterol and fatty acids. The authors also emphasized that previous investigations stated as having been conducted under anaerobic conditions were not carried out under the complete absence of O 2 . This observation raised the question BHow anaerobic are our laboratory anaerobic cultivations?^, since O 2 is necessary for UFA and sterol biosyntheses.
The observation made by Macy and Miller prompted Verduyn and co-workers (1990) to investigate whether S. cerevisiae was able to grow and if so, to what extent, in a defined medium under anaerobic conditions. Although they did observe growth in the absence of Tween 80 in anaerobic chemostat cultivations at a dilution rate of 0.1 h −1 , the lack of oleic acid supplementation led to a decrease in biomass yield (from 2.6 g DCM L −1 with~420 mg L −1 of Tween 80 to 1.8 g DCM L −1 without Tween 80 addition) and high levels of residual glucose, suggesting that another substrate other than glucose was acting as the growth-limiting nutrient under this condition. Although special measures to prevent O 2 diffusion into their system were undertaken, the authors claimed that O 2 diffusion was still in the range of 31 μmol h −1 and that this flux would be enough for the biosynthesis of all UFAs required for the cell biomass. 5 The growth observed in the absence of added fatty acids did not prove that O 2 was not necessary for the biosynthesis of fatty acids, sterols and other biochemical pathways since O 2 could diffuse into the bioreactor and supply the cell requirements. Currently, the chemically defined medium used routinely for anaerobic continuous cultivations with S. cerevisiae, containing ergosterol and Tween 80 (10 and 420 mg L −1 , respectively), is the one established by Verduyn et al. (1990) . Thomas et al. (1998) , using shake flasks constantly sparged with pre-purified nitrogen gas (< 5 ppm O 2 ), reported that when Tween 80 and ergosterol were added to a minimal medium, S. cerevisiae NCYC 1324 grew without a lag-phase period. However, when the pre-purified nitrogen gas was passed through heated copper turnings (400°C) and traces of oxygen were removed, the same strain did not present growth within 72 h. After this period, when air was admitted to the flasks, growth was detected within the next 48 h. This observation was in accordance with the oxygen diffusion hypothesis raised by Verduyn et al. (1990) . However, the S. cerevisiae ATCC 26602 strain, one of the ten strains tested by Thomas and co-workers (1998) , presented growth after a 96-h lag phase in this set-up with Tween 80 and ergosterol 5 Oleate requires 1 mol of O 2 , and ergosterol requires 12 mol of O 2 to be synthesized. For an ergosterol and an oleate content of 0.2 and 3.5% per dry cell mass, the amount of O 2 needed for their biosynthesis is 185 μmol g DCM −1 , assuming the consumed O 2 is used only for these two reactions. For a biomass yield of 0.1 g g glucose −1 , a dilution rate of 0.1 h −1 and a glucose concentration in the feeding medium of 10 g L −1 , steady-state biomass would be 1 g DCM L −1 . Thus, the O 2 demand is 185 μmol O2 needed g DCM produced Â 0:10
supplementation, which was highlighted but not explained by the authors. The growth-promoting effect of purine and pyrimidine bases, as well as amino acids, was also highlighted by the authors, when added to the same defined medium, without Tween 80 and ergosterol, which enabled all strains to grow under anaerobiosis. They have ruled out growth due to mitochondrial protein synthesis, by adding chloramphenicol to the medium, and hypothesized the generation of molecular or other active oxygen species produced by the decomposition of amino acids and/or nucleic acid bases. The first S. cerevisiae consensus genome-scale metabolic model, created by Herrgård et al. (2008) , subsequently reviewed and refined (Dobson et al. 2010; Heavner et al. 2012 ) was updated by Jouhten et al. (2012) in oxidative phosphorylation and other O 2 -dependent and anabolic reactions. This most recent version can simulate the dynamic behaviour of S. cerevisiae during the shift from an aerobic glucoselimited steady-state chemostat culture to a fully anaerobic cultivation. However, this model was not able to simulate growth in the absence of O 2 , even when the necessary lipid components were present in the culture medium. This is because the model considers the use of molecular O 2 for different reactions other than lipid biosynthesis. On the other hand, in previous chemostat experiments performed by our group (unpublished results), a steady-state biomass concentration of 0.3 g DCM L −1 (using a glucose concentration of 10 g L −1 in the feed as the sole carbon and energy source) was observed, after switching from a fully aerobic steady state to a fully anaerobic steady state. In our experimental setup, pure-grade N 2 gas (< 3 ppm of O 2 ) coupled to an O 2 trap (OT3-2, Agilent, USA) was used to deliver an inlet N 2 gas with less than 15 ppb of O 2 (which corresponds to a dissolved O 2 concentration of 20 pM). Also, the feeding medium was not supplemented with Tween 80 or ergosterol, which creates a doubt about the minimal O 2 requirement of S. cerevisiae CEN.PK 113-7D strain under anaerobiosis, as previously observed by Verduyn et al. (1990) with another strain (S. cerevisiae CBS 8066). Despite the use of norprene tubing, Viton O-rings and high-purity nitrogen gas, it is known that O 2 enters the bioreactor, either by diffusion from the surrounding environment or as an impurity in the N 2 gas. Visser et al. (1990) calculated the O 2 diffusion into the reactor with all ports closed and report a value of 2 nmol h −1 of O 2 . However, diffusion is specific for each system. Rodrigues et al. (2001) investigated the O 2 requirements of the food spoilage yeast Z. bailii in synthetic and complex media under strictly controlled anaerobic conditions. They observed linear growth in a synthetic medium as the influx rate of O 2 into the reactor was constant at 0.
. This value is insignificant when compared to the O 2 that is coming as an impurity at a rate of 6 μmol h −1 (considering 5 ppm O 2 in the nitrogen gas stream). However, in a complex medium, exponential growth was observed as growth was not limited due to O 2 , suggesting that components in YPD contributed to the biosynthetic requirements under anaerobic conditions. For our system, the oxygen leakage calculated, with tubings closed, without any N 2 sparging was of 0.04 μmol h −1 , an order of magnitude lower than that of Rodrigues and co-workers. Although it is reported that S. cerevisiae can grow in the absence of O 2 when sterols and fatty acids are supplemented in the culture medium, not all yeasts have the same ability. Some strict aerobes, such as Kluyveromyces lactis, are commonly used as a negative control to ensure that the experimental set-up is indeed anaerobic. K. lactis lacks a few genes that are present in S. cerevisiae (Snoek and Steensma 2006) , including genes related to sterol uptake, rendering K. lactis cells incapable of growing without O 2 , although there are reports that K. lactis can grow under very low O 2 tensions (Kiers et al. 1998; Merico et al. 2009 ). In previous chemostat experiments performed by our group with K. lactis CBS 2359 using the defined medium proposed by Kiers et al. (1998) , complete wash-out of the cells was observed after switching from an aerobic to an anaerobic steady state. It is important to mention that in this experiment, a low-purity N 2 gas (< 50 ppm O 2 ) was used to sparge the feeding medium and the bioreactor, instead of ultrapure N 2 , as used in the above-mentioned S. cerevisiae experiment. This raises questions about the minimum O 2 requirements of different microbial species. Validating an anaerobic cultivation setup with one strain might not be a suitable way to test whether another strain can or not grow under full anaerobiosis. Also, it makes us think about how close to full anaerobiosis it is possible to get in a laboratory environment. Care should be taken when reading the methodology section of published articles, in which it is described that S. cerevisiae was grown under fully anaerobic conditions and that ergosterol and a source of UFAs were added to the medium, in order to sustain growth. It might well be that a fully anaerobic condition was in fact not achieved by the authors. Finally, it is important to remember that establishing fully anaerobic conditions in the laboratory is also important to enable scaledown studies of large-scale anaerobic industrial processes. In the large scale, contrary to the small scale, transport phenomena (including O 2 transfer) are hindered by the small surface area-to-volume ratios, and a fully anaerobic condition is much easier to be achieved.
Genetics and regulation of ergosterol and UFA biosynthesis in S. cerevisiae
In this section, we review the molecular aspects and the major physiological roles of the non-respiratory pathways that utilize O 2 in S. cerevisiae. In facultative anaerobic yeasts, O 2 is metabolized to fulfil both catabolic and anabolic functions. Molecular O 2 that is not reduced by mitochondrial respiration is used by numerous anabolic pathways, including lipid, amino acid, vitamin, iron, haem and ubiquinone metabolism. The corresponding reactions depend on flavoproteins, haemoproteins and other metalloproteins. However, the respective contribution of these pathways in the overall O 2 consumption is still poorly documented, owing to the very low O 2 quantities involved (Rosenfeld and Beauvoit 2003) . Among all the non-respiratory O 2 utilisation pathways required for growth, only a few of them may significantly contribute to the O 2 consumption capacity retained by S. cerevisiae cells during fermentative metabolism. They are briefly presented in the next paragraphs.
Haem biosynthesis
Haem is a prosthetic group of haemoproteins, and its biosynthesis requires molecular oxygen (O 2 ). The two O 2 -dependent steps involve the cytosolic coproporphyrinogen III oxidase (encoded by the HEM13 gene) and protoporphyrinogen oxidase (encoded by the HEM14 gene). Haemoproteins of S. cerevisiae include cytochromes involved in respiration (e.g. cytochrome c CYC1, CYC7), lipid synthesis (e.g. acylCoA desaturase OLE1), iron uptake and oxidative stress (e.g. catalase A CTA1). Mitochondrial respiratory cytochromes are the major haemoproteins of wild-type yeast cells grown in the presence of O 2 . The synthesis of respiratory cytochromes is optimal under aerobic conditions and becomes limited at O 2 concentrations below 2 to 4 μM (Burke et al. 1997) , which is attained when using industrial-grade nitrogen gas (Table 2) during regular chemostat cultivations. This suggests that the decrease in cytochrome synthesis (rather than O 2 availability) can limit growth under O 2 -limited conditions. The absence of functional cytochrome aa3 in anaerobic cells is now widely admitted. Dagsgaard et al. (2001) detected almost all the cytochrome c oxidase subunits, except the subunits IV and VIII, which were sufficient to explain the absence of assembled and active cytochrome c oxidase in anaerobic cells. Both microsomal cytochrome b5 (previously named 'b1') and P450 cytochromes are major haemoproteins of anaerobic cells. Only a few genes encoding haemoproteins (ERG11, CYC7, OLE1 and SCS7) were found to be upregulated under anaerobic batch culture conditions in galactose medium (Kwast et al. 2002) . In contrast, in anaerobic glucose-limited chemostat cultures, upregulation was not observed for CYC7, ERG11 and OLE1 genes (Linde et al. 1999) . Haem biosynthesis in the complete absence of molecular oxygen might occur after oxygen is generated through decomposition of amino acids or nucleic acid bases, as hypothesized by Thomas et al. (1998) .
Sterol biosynthesis
Sterol biosynthesis represents one of the two major O 2 -dependent structural pathways in S. cerevisiae (Fig. 6) , the other one being UFA biosynthesis (Salmon et al. 1998; Daum et al. 1998; Valachovic et al. 2001) . In spite of that, many aspects of its regulation are still unknown, in part, because of the presence of various ERG genes. It is known, however, that most of the ERG genes are regulated by O 2 and endogenous or exogenous sterols, as well as by the presence of other lipids (Rosenfeld and Beauvoit 2003) . The initial steps of the sterol pathway (from acetyl-CoA to squalene) do not require molecular O 2 (Daum et al. 1998) . Moreover, the last step of this linear pathway is mediated by the NADPH-dependent condensation of two farnesyl-pyrophosphates into squalene encoded by ERG9. This gene is positively regulated by fatty acids and is negatively regulated by O 2 , haem and sterols. Nevertheless, Erg9p activity remains quite high in cells grown anaerobically with ergosterol and oleate in excess. The final steps of the sterol pathway (from squalene to ergosterol), on the other hand, do require molecular O 2 in six enzymatic steps catalysed by five enzymes: a non-P450 mono-oxygenase (Erg1p), two di-ferric and non-heminic hydroxylases/ desaturases (Erg25p and Erg3p) and two cytochromes P450 (Erg11p and Erg5p) (Fig. 6) . Although it has been reported that the ERG2 gene, responsible for the conversion of fecosterol to episterol, is activated under anaerobic batch conditions (Soustre et al. 2000) , well-controlled yeast cultivations, such as in anaerobic glucose-limited chemostat cultures, revealed that none of the ERG genes was found to be upregulated (at least higher than threefold) when compared to analogous aerobic cultures (Linde et al. 1999) .
UFA biosynthesis
Lipid composition of cytoplasmic membranes is tightly regulated to maintain membrane fluidity, and a key enzyme involved in this process is the membrane-bound acyl-CoA desaturase, encoded by OLE1. This enzyme catalyses the introduction of the initial double bond into palmitoyl-CoA and stearoyl-CoA, resulting in mono-UFA, such as palmitoleate (C16:1) and oleate (C18:1), respectively. Such steps require the presence of molecular O 2 (Nakagawa et al. 2001) . Each unsaturation in a UFA molecule requires one NAD(P)H as an electron donor, and a molecule of O 2 as an acceptor of two electron pairs, one from NAD(P)H and the other from the respective saturated fatty acyl molecule, which is supplied from acetyl-CoA synthesis (Rosenfeld and Beauvoit 2003) .
In terms of genetic regulation, S. cerevisiae derepresses the expression of OLE1 under hypoxic conditions to allow a more efficient use of limited O 2 . OLE1 transcription is also activated in the presence of saturated fatty acids and is strongly repressed by the presence of UFAs in the growth medium (Nakagawa et al. 2001; Rosenfeld and Beauvoit 2003) . 
Final remarks
Despite the considerable volume of data available so far on the anaerobic growth of S. cerevisiae and the development of new techniques for lipidomic profiling (Navas-Iglesias et al. 2009 ), there are still no published lipidomic data obtained from anaerobic chemostat experiments using media without the anaerobic growth factors ergosterol and UFA and a comparison of these data with those obtained from aerobic cultivations.
It is still not known how O 2 is sensed by S. cerevisiae, although differential gene expression has been observed at nanomolar concentrations, and traces of O 2 may affect the physiology of yeast dramatically. It is vital to grow the inoculum under anaerobic conditions, in order to eliminate the memory of the preceding aerobic cultivations, whilst investigating anaerobic physiology.
Most of the studies reported in the literature that define a set-up as anaerobic employ butyl rubber stoppers and norprene tubing plus N 2 flushing, with the addition of oleate and ergosterol to the medium. Thus, it is not possible to know whether and how S. cerevisiae would grow in these systems, in case the anaerobic growth factors were not supplied.
Considering what is discussed in this review, we would like to caution that anaerobicity is a relative, rather than an absolute, term. In this regard, the procedure for cultivating microorganisms anaerobically should be standardized and described in greater detail, to ensure reproducibility across various laboratories and to allow for the proper scale-down and investigation of large-scale anaerobic bioprocesses. 
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